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Abstract
Safe installation and operation of high-pressure composite cylinders for hydrogen storage are of primary
concern. It is unavoidable for the cylinders to experience temperature variation and significant thermal input
during service. The maximum failure pressure that the cylinder can sustain is affected due to the dependence
of composite material properties on temperature and complexity of cylinder design. Most of the analysis
reported for high-pressure composite cylinders is based on simplifying assumptions and does not account for
complexities like thermo-mechanical behavior and temperature dependent material properties. In the present
work, a comprehensive finite element simulation tool for the design of hydrogen storage cylinder system is
developed. The structural response of the cylinder is analyzed using laminated shell theory accounting for
transverse shear deformation and geometric nonlinearity. A composite failure model is used to evaluate
the failure pressure under various thermo-mechanical loadings. A back-propagation neural network (NNk)
model is developed to predict the maximum failure pressure using the analysis results. The failure pressures
predicted from NNk model are compared with those from test cases. The developed NNk model is capable
of predicting the failure pressure for any given loading condition.
© Koninklijke Brill NV, Leiden, 2009
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1. Introduction

Composite high-pressure cylinders have potential application as hydrogen storage
systems in automotives, transportation and stationary/portable storage systems due
to their light weight, simplicity of the storage and low cost for storage and trans-
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port of hydrogen gas [1]. Typically, a composite high-pressure cylinder constitutes
a high molecular weight polymer or aluminum liner that serves as a hydrogen
gas permeation barrier. A filament-wound, carbon/epoxy composite laminate over-
wrapped outside the liner provides the desired pressure load bearing capacity [2].
A vehicle fuel system cylinder is capable of sustaining pressures of 34.5 MPa or
higher by taking advantage of high modulus, high strength and low specific weight
of modern high performance composite. In addition, the maturation of the filament
winding manufacturing process further lowers the price to practical and common
usage in mass transportation systems.

To design composite high-pressure cylinders with the highest possible safety,
reliability and minimum weight considerations, the behavior of composite struc-
tures under various mechanical and thermal loadings need to be well understood.
Studies have been conducted by various researchers [3–6] on the structure of
composite hydrogen storage cylinder under mechanical loadings. Using the finite
element method as a numerical tool, numerous studies have been conducted on
high-pressure storage cylinders [7–9]. Compared to pure mechanical loading, fewer
studies have been conducted on composite hydrogen storage cylinders subjected to
thermal loads and combined thermo-mechanical loads [10–12].

In the present study, a thermo-mechanical finite element model has been de-
veloped for the analysis of hydrogen storage cylinders. The composite laminate
wall of the hydrogen storage cylinder typically consists of helical laminated lay-
ers and hoop laminated layers. Both these layers along with an aluminum liner
are considered for the analysis. During service, composite hydrogen storage cylin-
ders unavoidably experience various thermal loadings combined with high pressure.
To account for the working temperature variation in service, uniform temperature
loadings ranging from 25◦C to 140◦C are considered for the analysis. Tempera-
tures higher than 140◦C are not considered in the present study as the composite
matrix begins to burn at these temperatures. During the gas filling process, the in-
ner temperature can increase up to around 100◦C [11]. Hence, non-uniform thermal
loadings have also been included in the study. The variation of material properties
with temperature is significant for most composites. A temperature dependent mate-
rial model has been developed and implemented in commercial finite element code
ABAQUS, using user subroutines. A laminated shell theory [13, 14] accounting for
out-of-plane shear strains and geometric nonlinearity is used for the analysis.

Considering various combinations of thermal loadings, winding angles and lam-
ina stacking sequences in the analysis, to optimize the cylinder design and predict
maximum failure pressure through case-by-case simulation, is a tremendous task.
Therefore, a back-propagation neural network (NNk) model is developed to predict
the failure pressure using the results from a few typical finite element simulation
cases. The training process consists of training the network with three sets of sim-
ulation results with various winding angles and thermal loadings. Once trained,
the developed NNk model can be used for guidance and optimization of hydrogen
cylinder design. Some test cases, which are not included in the training sets, are uti-
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lized to compare the predicted failure pressure from NNk model. A good agreement
is found between failure pressures of the test cases with the NNk model.

2. Shear Deformable Shell Theory

A schematic of a hydrogen composite cylinder wall is shown in Fig. 1. The in-
ner liner is made of aluminum that serves as a hydrogen gas permeation barrier.
A filament-wound, carbon/epoxy composite laminate over-wrapped outside of the
liner provides the desired pressure load bearing capacity [15]. In many current
designs, a glass/epoxy layer is placed over the carbon/epoxy laminate to provide
impact and damage resistance. The doubly curved shell theory accounting for out
of plane shear deformations and geometric nonlinearity is used for the analysis of
composite hydrogen storage cylinders.

A multilayered doubly curved shell in a curvilinear coordinate system {ξ1, ξ2, ζ }
is shown in Fig. 2. The coordinates ξ1 and ξ2 specify the position on the middle

Figure 1. Structure scheme of hydrogen storage cylinder.

Figure 2. Doubly curved shell and coordinate system.
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surface, while ζ measures the distance, along the outward normal, from the mid-
surface to arbitrary point on the shell. The displacement field can be expressed as:

u(ξ1, ξ2, ζ ) =
(

1 + ζ

R1

)
u0(ξ1, ξ2) + ζφ1(ξ1, ξ2), (1a)

v(ξ1, ξ2, ζ ) =
(

1 + ζ

R2

)
v0(ξ1, ξ2) + ζφ2(ξ1, ξ2), (1b)

w(ξ1, ξ2, ζ ) = w0(ξ1, ξ2). (1c)

The nonlinear strain–displacement relations based on Sanders’s shell theory are
given as:
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(2)
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In equation (3), u and v are the displacements in the direction of the tangents to the
coordinate lines ξ1 and ξ2, respectively, w is the displacement in the direction of
the outward normal, R1, R2 are the radii of curvature of the shell and φ1, φ2 are the
rotations.

The stress–strain relation, accounting for thermal effects, in the shell coordinates
for a kth layer can be expressed as [14]:⎧⎪⎪⎪⎨
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where Qij are the transformed elastic coefficients, T is the given temperature distri-
bution, (αx,αy,αxy) are the thermal expansion coefficients in the shell coordinates.
It should be noted that the out-of-plane normal stress (σz) is neglected in compari-
son with in-plane normal stresses (σx and σy).

The laminate constitutive equations can be obtained by integrating equation (4)
over the thickness, and are given by:
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where NT and MT are thermal stress and moment resultants and are given by
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The stiffness coefficients in equation (5) are defined as:

(Aij Bij Dij ) =
∫ h/2

−h/2
Qij (1 z z2)dz (i, j = 1,2,6), (6b)

Aij =
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where K is shear correction factor.
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Following the standard finite element procedure, the generalized displacements
in any element are given by:
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where N is the number of nodes in the element and ψi are the interpolation func-
tions. Substituting equation (7) in equation (3), the strains can be expressed as:

ε = B1�, κ = B2�, γ = B3�, (8)

where B1, B2 and B3 are the strain displacement relations and � are the displace-
ments. The thermo-mechanical finite element model is given by:

[Ke]{�e} = {F e} + {F e
T }, (9)

where
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∫∫
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For any given mechanical and temperature loadings, equation (9) can be assembled
and solved to determine displacements and stresses.

3. Composite Failure Model

Tsai–Wu failure criterion is used here for failure evaluation of hydrogen compos-
ite storage cylinders [16]. Taking 1 as fiber direction, 2 as transverse direction
and 3 as through-the-thickness direction, Tsai–Wu failure criterion can be ex-
pressed as:

IF = F1σ11 + F2σ22 + F11σ
2
11 + F22σ

2
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2
23
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2
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2
12 + 2F12σ11σ22 < 1.0. (10)

The coefficients in equation (10) are defined as:
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or

F12 = f
√

F11F22 (−1 � f � 1),

where Xt and Xc are tensile and compressive strengths along fiber direction, Yt
and Yc are tensile and compressive strengths in transverse fiber direction, S23, S13
and S12 are the maximum shear strength in corresponding planes, σbiax is the equi-
biaxial stress at failure and f is an experience coefficient.

4. Material Properties

Mechanical and thermal properties of fiber reinforced composites vary significantly
with temperature. As the carbon/epoxy laminate carries the pressure loading, the
effect of temperature on its material properties cannot be ignored. The moduli and
thermal expansion coefficients are dependent on temperature. For HFG CU125 car-
bon/epoxy, in the temperature range 25◦C < T < 140◦C, the temperature dependent
material properties are given by [17]:

E1 = −0.066T + 128 (GPa),

E2 = −0.064T + 10.67 (GPa),

G12 = −0.034T + 5.39 (GPa),
(11)

υ12 = −0.0005T + 0.44,

α1 = (0.0003T 2 − 0.04T + 2.09) × 10−6,

α2 = (0.0041T 2 − 0.23T + 32.2) × 10−6 (25◦C < T < 140◦C).

Furthermore, it is assumed that G13 = G12 and G23 = 0.7G12. The ultimate
strengths of carbon/epoxy do not change much within this temperature range and
are assumed to be constant and are listed in Table 1. The material properties for
glass/epoxy are listed in Table 2. The outer most glass/epoxy layer is primarily
used for protection of the load bearing carbon/epoxy lamina. Hence temperature
dependent material properties are not used for the glass/epoxy layers. Properties of
innermost aluminum liner are listed in Table 3.

Table 1.
Ultimate strength of carbon/epoxy composite

Strength
(MPa)

F t
L

Fc
L

F t
T

F c
T

FS
LT

1070 1070 40 170 70
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Table 2.
Mechanical and thermal properties of S-glass/epoxy

E1 (GPa) E2 (GPa) G12 = G13 (GPa) G23 (GPa) υ12 α1 (1/◦C) α2 (1/◦C)

55 16 7.6 5.0 0.28 6.3 × 10−6 32 × 10−6

Strength F t
L

Fc
L

F t
T

F c
T

FS
LT

(MPa) 1620 690 40 140 60

Table 3.
Mechanical and thermal properties of aluminum 6061-T6

Elastic modulus, E Poisson’s ratio, υ Yield strength, σy α (1/◦C)
(GPa) (MPa)

70 0.33 455 24.3 ×10−6

5. Finite Element Simulation

ABAQUS is an integrated and open-ended finite element analysis code which is
widely used by the industry as well as researchers due to its flexibility of imple-
menting user defined subroutines and its powerful nonlinear solver. All the mod-
eling features described in this work have been implemented in this code through
user subroutines. A laminated shell element, based on doubly curved shell theory,
accounting for membrane, bending, membrane–bending coupling, and transverse
shear effects, is suitable for modeling both thin and thick laminated composite.
Hence, the laminated composite wall of the cylinder is modeled using doubly
curved 8-nodes shell element S8R. In order to estimate the failure pressure of
the cylinder, it is necessary to include failure criterion. Tsai–Wu failure theory is
utilized to check and report the ply-by-ply laminate failure by using the user sub-
routine UVARM. In addition, the temperature dependent material properties are
incorporated in the model by using the subroutine USDFLD so that, at each in-
tegration point, the material properties are determined by the given temperature.
The orientation of each element at every ply is handled by the subroutine ORIENT
according to winding pattern. The comprehensive model is then solved by using
ABAQUS/standard solver accounting for geometric nonlinearity. The cylinder is
modeled and meshed using ABAQUS/CAE preprocessor (Fig. 3). Due to the sym-
metry, only 1/8th of the cylinder is considered for the analysis.

The dimensions considered in the present cylinder analysis are based on a
typical design from literature [15]. The outer radius of the cylinder is taken as
Rout = 0.47 m and inner radius Rin = 0.44 m (Fig. 1). The pressure bearing car-
bon/epoxy laminate consists of 24 plies with a composite shell of thickness 28 mm.
The protective glass/epoxy layer and liner are 2 mm and 2.5 mm thick, respectively.
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Figure 3. Finite element model of hydrogen cylinder.

The cylinder is subjected to a gradually increasing internal pressure until first ply
failure occurs.

To manufacture closed cylinders, two types of winding patterns are usually used:
hoop and helical/polar windings. The thickness ratio R (total thickness of helical
laminate/total thickness of hoop laminate) affects the failure pressure of the cylinder
and a range of 0.1 to 2.0 is studied. Winding angle of laminae also affects the failure
pressure of the cylinder and a range of 10◦ to 30◦ for helical winding and 89◦ for
hoop winding has been considered based on the manufacturing feasibility. The plies
in the protective glass/epoxy laminate are oriented at ±45◦.

6. Neural Network Model

Feedforward back-propagation neural network (NNk) is used to predict the failure
pressure of hydrogen cylinder. The schematic of the NNk is shown in Fig. 4. The
relation between the failure pressure and the NNk inputs (thickness ratio R, tem-
perature inside the cylinder Tin, temperature outside the cylinder Tout and winding
angle θ ) is modeled by a two-layer (hidden layer and output layer) network. Each
layer consists of a number of processing units, with an activation function, known
as neurons. For faster training and robust NNk, inputs are scaled to a desirable range
by a designed transfer function f T

in before entering the input layer. Inputs are passed
through weighted connections to the hidden layer and then to the output layer. The
output P ′ is, finally, scaled back to failure pressure P by a designed transfer func-
tion f T

out. The number of neurons in the hidden layer and characterizing weights and
biases in the model are determined by training the NNk. Input transfer function for
the NNk model is given by:

f T
in(Ii) = Ii · ai + bi, (12)

where Ii are input variables (i = 1,2,3 and 4 corresponding to R, Tin, Tout and θ , re-
spectively), ai = (nmax −nmin)/( �Imax

i − �Imin
i ), bi = nmin −Min{ai · �Ii}, [nmin nmax]

is the desired scale range and is taken as [−1 1] and �Ii are input training pattern
vectors.
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Figure 4. Feedforward back-propagation neural network architecture.

The normalized input variables I ′
i are given by

I ′
i = f T

in(Ii). (13)

The activation function in the hidden layer is the log-sigmoid function

f h(x) = 1

1 + e−x
. (14)

The activation function in the output layer is the Pureline function

f o(x) = x. (15)

The normalized failure pressure P ′ is given by:

P ′ =
N∑

j=1

W o
1j f

h

(
4∑

i=1

W h
jiI

′
i + bh

j

)
+ bo, (16)

where N is number of neurons in the hidden layer, W o
1j are weights in the output

layer, W h
ji are weights in the hidden layer, bo is bias in the output layer and bh

j are
biases in the hidden layer. The output transfer function for the NNk is given by:

f T
out(Ii) = P ′ − b

a
, (17)

where

a = nmax − nmin

�P max − �P min
, i = 1,2,3 and 4,

b = nmin − Min{au · �P }, i = 1,2,3 and 4,

and �P is the output training pattern vector.
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The final failure pressure P is given by

P = f T
out(P

′). (18)

Training consists of providing a set of known input–output pairs (or patterns) to
the network. The back-propagation learning process has two passes through the
network: a forward calculation pass and an error back-propagation pass. In the for-
ward pass, input patterns broadcast from input layer to output layer in order to
generate the actual results of network. During the backward propagation, weights
in each node are iteratively adjusted based on the errors using the gradient descent
equations. The procedure is repeated until convergence is achieved. In this study,
the input–output sets are obtained from simulation results. The model is trained
in MATLAB NNk toolbox. The Levenberg–Marquardt algorithm is adopted in the
training process due to its fast convergence.

7. Results and Discussion

Five configurations of helical and hoop laminas shown in Table 4 are investigated in
this study. Case studies are conducted on composite cylinders with various thermal
loadings and lay-up patterns. Failure pressures as a function of thickness ratio R un-
der uniform thermal loadings for Cases 1–3 are shown in Fig. 5a–5c, respectively.
The rate of increase in failure pressure is higher at higher temperatures. This reflects
the nonlinearity of thermal expansion coefficients with variation in temperature. For
all the three cases considered, the failure pressure increases with increase in temper-
ature. In comparison with Cases 2 and 3, the peak failure pressure is slightly higher
than that of Case 1. Similar results are shown in Fig. 6a–6c with gradient thermal
loading. The peak failure pressure is not evident for some of the inner tempera-
tures considered in Fig. 6a. In those cases, all hoop laminae are placed over helical
laminae with inner temperature higher than outer temperature. Then thermal strain,
arising from thermal expansion, becomes larger in all helical laminae which cause

Table 4.
Lay-up configurations for various winding patterns

Case No. Lay-up pattern

1 [±20◦]3s/[±89◦]3s
2 [±20◦/±89◦]6
3 [±10◦/±89◦/±14◦/±89◦/±18◦/±89◦/±22◦/±89◦/±26◦/±89◦/±30◦/±89◦]
4 [±10◦/±89◦]6
5 [±30◦/±89◦]6

Description:
24 layers with total thickness of 28 mm,
Tin = [25,50,75,100,120,140]◦C,
Tout = [25,50,75,100,120,140]◦C.
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(a) (b)

(c)

Figure 5. Uniform thermal loading with Tin = Tout (in (a) Case 1, (b) Case 2 and (c) Case 3).

hoop laminae to carry most of the axial loading. Without helical laminae sustaining
the major part of the axial loading, the peak pressure disappears at lower thickness
ratio. With increasing thickness ratio, the axial-load bearing capacity of the hoop
laminae increases thus resulting in the rise in failure pressure. This phenomenon
cannot be observed in Fig. 6b and 6c because the helical and hoop laminae are
laid alternately. From Fig. 6a–c, with inner temperature increasing (from 25◦C to
140◦C), the failure pressure rises till it reaches the set temperature (50◦C) of outside
wall, and then starts to decrease. Also, it can be observed that the failure pressure
decreases as the gradient of the non-uniform temperature increases.

By comparison of Cases 1, 2 and 3, the alternate lay-up pattern (in Cases 2 and 3)
results in higher failure pressure than that of non-alternate lay-up (in Case 1),
when the cylinder is experiencing uniform thermal loading (Fig. 5). No signifi-
cant increase in maximum failure pressure is observed in gradient thermal loading.
However, in Case 1, the location of peak pressure varies considerably in compari-
son with that of Cases 2 and 3 under gradient thermal loading. This large variation
can bring down the failure pressure at optimum thickness ratio when consider-
ing various thermal loads in design. No significant difference is observed between
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(a) (b)

(c)

Figure 6. Gradient thermal loading with Tout = 50◦C (in (a) Case 1, (b) Case 2 and (c) Case 3).

Figure 7. Failure pressure with inside temperature variation (Tout = 25◦C).

Case 2 (constant winding angle in helical laminate) and Case 3 (gradually increased
winding angle in helical laminate). To study the effect of helical winding angle
pattern on failure pressure, Cases 2, 4 and 5 ([±20◦/±89◦]6, [±10◦/±89◦]6 and
[±30◦/±89◦]6) are compared for different thickness ratios (R) as shown in Fig. 7.
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Figure 8. Ply-by-ply failure predictions under various thermal loadings.

For the same thickness ratio, higher peak failure pressure is observed for smaller
winding angle.

Figure 8 shows the Tsai–Wu failure indicator for each helical and hoop ply in
Case 2 for thickness ratio, R = 0.5. Curves 1 and 2 (T25-25 and T140-140, re-
spectively) illustrate the ply failure under uniform thermal loadings while curves
3 and 4 (T25-100 and T100-25, respectively) show the failure under gradient
thermal loading (T25-25 implies Tin = 25◦C and Tout = 25◦C). With uniform
thermal loading at 140◦C, the curve is observed to be flat, which implies that
all the helical and hoop laminae fail simultaneously. However, at uniform ther-
mal loading of 25◦C the helical laminae tend to fail first. When subjected to
non-uniform thermal loading, a large slope is observed in the curves. The in-
ner layers fail first for T25-100 (Tin = 25◦C and Tout = 100◦C), while the outer
layers fail for T100-25 (Tin = 100◦C and Tout = 25◦C). This asynchronous behav-
ior of inner or outer layers during failure causes a significant drop in maximum
failure pressure, assuming that the cylinder fails when any one of the laminae
fails.

The network is trained by using the simulation results from Cases 2, 4 and 5
shown in Table 4. There are 12 neurons used in the neural network (NNk) model
and the training ratio is set to 0.01. After the convergence of the network, the model
parameters are obtained and are listed in Tables 5 and 6. The network model is then
capable of predicting the failure pressure by providing the network inputs (R, Tin,
Tout and θ). To evaluate the performance of NNk prediction, six test cases (shown
in Table 7) are studied. The test data from ABAQUS simulation results, for wind-
ing angles not used before (15◦ and 25◦), are used to compare the predicted results
from the trained neural network. The performance of the NNk is then illustrated in
Fig. 9a and 9b, and the maximum errors are reported for each case in Table 7. It
can be seen that the results predicted by NNk model are in good agreement with the
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Table 5.
Weights and biases for trained neural network

j Weights in hidden layer Weights in
output
layer, Wo

1j

Biases

Wh
j1 Wh

j2 Wh
j3 Wh

j4 bh
j

bo

1 −1.0803 0.1725 1.7439 −0.3099 54.4500 −6.1185 76.6459
2 0.3894 −0.2582 0.1213 0.5764 −123.692 3.6584
3 −0.4838 0.3915 −0.1974 −0.8114 −36.1329 −3.0100
4 0.0004 −1.4978 3.5075 0.0280 26.9054 −3.3369
5 −0.0197 −1.8098 3.9087 0.0127 −19.1409 −3.1452
6 −8.3694 1.6462 −1.4688 0.0064 −0.3018 −7.8153
7 −0.3793 0.6444 −0.6923 −0.7765 −1.7120 −0.0646
8 −1.4274 3.7237 11.3865 0.3180 45.0033 −4.3089
9 −0.4287 11.4817 −10.7445 −0.6810 0.3312 1.5414

10 11.3451 −0.0102 0.3561 0.8548 0.6626 11.8876
11 −1.7027 0.2808 1.7533 −0.2670 −46.5796 −6.7410
12 1.4200 −3.7174 −11.3598 −0.3166 45.1670 4.3021

Table 6.
Scaling constants for trained neural network

i ai bi a b

1 1.05263 −1.10526 0.05090 −1.96068
2 0.01739 −1.43478
3 0.01739 −1.43478
4 0.10000 −2.00000

Table 7.
Test cases and maximum error of prediction

Testing case Inputs Max. error
(%)

Tin (◦C) Tout (◦C) θ (◦)

1 40 40 15 1.32
2 30 80 15 −1.54
3 130 40 15 1.23
4 40 40 25 1.11
5 30 80 25 −2.40
6 130 40 25 −1.00

simulation results. The trained network can, therefore, be used to predict any fail-
ure pressure within the trained ranges of temperature, winding angle and thickness
ratio.
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(a) (b)

Figure 9. Comparison of failure pressures from NNk and ABAQUS at (a) θ = 15◦ and (b) θ = 25◦.

8. Conclusions

A doubly curved shell model accounting for transverse shear deformation is used
for thermo-mechanical analysis of composite hydrogen storage cylinders. Temper-
ature dependent material properties of the load carrying carbon/epoxy layer and
geometry nonlinearity are also considered in the numerical model. Five typical
cases have been considered and the analysis is carried out by applying uniform/non-
uniform thermal loading and internal pressure loading. The Tsai–Wu failure cri-
terion is employed to predict the failure pressure by checking the failure layer by
layer. Under uniform thermal loading, a temperature increase significantly increases
maximum failure pressure. In contrast, the non-uniform thermal loading can cause
an uneven load distribution and hence decrease the maximum failure pressure. The
thickness ratio also plays an important role in determining the maximum failure
pressure and should be selected appropriately based on the thermal and mechan-
ical loading conditions. A neural network (NNk) model is developed and used to
predict the failure pressure. The performance of the trained neural network is then
evaluated by comparing the predicted values with those of test cases and the results
are in good agreement.
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